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In this paper performance of a new piezoelectric ﬁber reinforced composite (PFRC) material has been investigated for
active constrained layer damping (ACLD) of laminated thin simply supported composite cylindrical panels. The constrain-
ing layer of the ACLD treatment has been considered to be made of this PFRC material. A ﬁnite element model of smart
composite panels integrated with the patches of such ACLD treatment has been developed to demonstrate the performance
of these patches on enhancing the damping characteristics of thin cross-ply and angle-ply laminated composite cylindrical
panels. Particular emphasis has been placed on studying the eﬀect of variation of the piezoelectric ﬁber orientation in the
constraining PFRC layer and the shallowness angle of the panels on the control authority of the patches.
 2006 Elsevier Ltd. All rights reserved.
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Piezoelectric sensors and/or actuators are being extensively used for active vibration control of light weight
smart structures during the past one and half decade (Bailey and Hubbard, 1985; Crawley and Luis, 1987; Baz
and Poh, 1988; Tzou and Tseng, 1990; Lee et al., 1991; Hanagud et al., 1992; Devasia et al., 1993; Gu et al.,
1994; Zhou et al., 1995; Baz and Poh, 1996; Agarwal and Treanor, 1999; Sto¨bener and Gaul, 2000; Dong and
Tong, 2001; Peng et al., 2005). The direct and converse piezoelectric eﬀects inherently present in these mate-
rials are utilized for using these materials as distributed sensors and actuators, respectively. Customarily, the
ﬂexible structures integrated with a layer/patch of these materials acting as distributed sensors and/or actua-
tors are called as ‘‘Smart Structures’’. One of the drawbacks of the existing monolithic piezoelectric materials
is that the magnitudes of the piezoelectric coeﬃcients of these materials are very low. Since the performance of
smart structures depends on the magnitude of these piezoelectric stress/strain coeﬃcients, large control voltage
is necessary for achieving signiﬁcant active damping of smart structures if the piezoelectric actuators are
directly bonded to the host structures. For better utilization of these low control authority piezoelectric0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.05.005
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layer of the conventional passive constrained layer damping (PCLD) treatment (Plunkett and Lee, 1970) is
replaced by a layer of piezoelectric material, the resulting treatment has been named as active constrained
layer damping (ACLD) treatment (Baz and Ro, 1995; Azvine et al., 1995). When the ACLD treatment is inte-
grated with a host structure (substrate) and the constraining layer of the treatment is augmented with an
appropriate control means, the transverse shear deformation of the viscoelastic constrained layer can be
increased over its passive counterpart and the vibration of the host structure can be substantially damped
out leading to the active or smart constrained layer damping of this structure (Baz and Ro, 1995). The ﬂexural
vibration control by the constrained layer damping treatment is attributed to the dissipation of energy in the
constrained viscoelastic core undergoing transverse shear deformation. Since the task of deforming the visco-
elastic layer is easier than the task of deforming the host structure, the piezoelectric materials perform much
better to attenuate the vibration of smart structures when they are used as active constraining layer of the
ACLD treatment than when they are used alone as the distributed actuators. Also, as the constraining layer
of the ACLD treatment can become passive and active under operation, the ACLD treatment provides the
attributes of both passive and active damping. Hence, since its inception ACLD treatment has gained tremen-
dous importance for eﬃcient and reliable active control of ﬂexible structures (Baz and Ro, 1996; Shen, 1996;
Kapadia and Kawiecki, 1997; Badre-Alam et al., 1999; Sung and Kam, 2000; Ray et al., 2001; Chantalakhana
and Stanway, 2001; Ro and Baz, 2002; Liu and Wang, 2002; Sun and Tong, 2003; Ray and Reddy, 2004; Yau
and Fung, 2005).
Performance of smart structures can further be improved if the constraining layer of the ACLD treatment is
made of the piezoelectric materials with improved piezoelectric coeﬃcients. Recently, Mallik and Ray (2003)
and Ray and Mallik (2004) investigated the eﬀective elastic and piezoelectric properties of unidirectional pie-
zoelectric ﬁber reinforced composite (PFRC) materials. The investigations revealed that the eﬀective piezoelec-
tric co-eﬃcient denoted by e31 of these PFRC materials which quantiﬁes the induced normal stress in the ﬁber
direction due to the applied electric ﬁeld in the direction transverse to the ﬁber direction becomes signiﬁcantly
larger than the corresponding co-eﬃcient of the piezoelectric material of the ﬁbers within the useful range
(0.4–0.8) of ﬁber volume fraction. Since the in-plane actuation of a lamina of this PFRC material is utilized
for structural vibration control, the eﬀective piezoelectric coeﬃcient, e31 of this PFRC material is mainly
responsible for active control of ﬂexural vibrations of smart structures. Ray and Mallik (2004,a, 2005b)
and Ray and Reddy (2005) also investigated the performance of this PFRC material as the material for dis-
tributed actuators of smart laminated composite beams, plates and circular closed cylindrical shells. Lami-
nated thin cylindrical composite panels (shallow shells) are an important class of structures being used for
manufacturing various parts of commercial aircrafts, automobiles and the like. Unlike the complete circular
cylindrical shell which involves only two curved edge boundaries, a circular cylindrical panel has two curved
edge boundaries and two straight edge boundaries. Hence, for a given plan-form the dynamical characteristics
of cylindrical panels (shallow shells) are diﬀerent from those of the closed circular cylindrical shells. Thus sep-
arate attention is necessary to investigate the active control of cylindrical panels even though the author has
already studied the active control of closed circular cylindrical shells (Ray and Reddy, 2005). However, to the
author’s best knowledge, active constrained layer damping of laminated cylindrical composite panels using
piezoelectric ﬁber reinforced composite (PFRC) materials has not yet been addressed.
In this paper, performance of the active constraining layer of the ACLD treatment in which the active con-
straining layer is made of the PFRC material as described above has been investigated for active control of
laminated thin cylindrical composite panels. A simple ﬁnite element model has been developed considering
the equivalent single layer ﬁrst order shear deformation theories. Emphasis is placed on investigating the eﬀect
of ﬁber orientation in the constraining PFRC layer on the active damping of thin antisymmetric cross-ply and
angle-ply panels using this ﬁnite element model. Also, the eﬀect of variation of the shallowness angle of the
panel on the performance of the constraining PFRC layer of the ACLD treatment has been investigated.
2. Finite element model
Fig. 1 shows a laminated cylindrical composite panel made of N number of orthotropic layers. The length,
circumferential width, thickness, average radius and shallowness angle of the panel are denoted by a, s, h, R
Fig. 1. Schematic representation of laminated composite panel integrated with the patches of ACLD treatment.
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ment. The constraining layer of the ACLD treatment is made of the piezoelectric ﬁber reinforced composite
(PFRC) material in which the ﬁbers are unidirectionally aligned and parallel to the plane of the panel and its
constructional feature is also schematically demonstrated in Fig. 1. The thickness of the PFRC layer is hp and
that of the viscoelastic constrained layer of the ACLD treatment is hv. The mid-plane of the substrate panel is
considered as the reference plane. The origin of the curvilinear laminate coordinate system (x, y, z) is located
at one corner of the reference plane such that the lines x = 0 and a and y = 0 and s represent the boundaries of
the panels. The thickness coordinates (z) of the top and bottom surfaces of any (kth) layer
(k = 1,2,3, . . . ,N + 2) of the overall laminated panel are represented by hk+1 and hk, respectively. The ﬁber
orientation in any layer of the substrate panel with respect to the laminate coordinate system is denoted by
h while that in the active constraining layer of the PFRC material is denoted by w. First order shear deforma-
tion theories (FSDT) are used for modeling the kinematics of deformation of the overall panel integrated with
the patches of ACLD treatment. Fig. 2 describes a schematic representation of the kinematics of deformation
based on these theories. As shown in this ﬁgure, u0 and v0 are the generalized translational displacements of a
reference point (x, y) on the mid-plane (z = 0) of the substrate panel along x- and y-axes, respectively; hx, /x
and cx are the generalized rotations of the normal to the middle planes of the substrate, viscoelastic layer and
the PFRC layer, respectively about y-axis while the generalized rotations of these normal about x-axis are
denoted respectively by hy, /y and cy. According to the kinematics of deformation shown in Fig. 2, theFig. 2. Kinematics of deformation.
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respectively can be expressed asfdg ¼ fd tg þ ½Zfdrg ð1Þ
where,fdg ¼ u v w½ T; fd tg ¼ u0 v0 w½ T; fdrg ¼ hx hy /x /y cx cy
 T
;
½Z ¼
k1ðzÞ 0 k2ðzÞ 0 k3ðzÞ 0
0 k1ðzÞ 0 k2ðzÞ 0 k3ðzÞ
0 0 0 0 0 0
24 35; k1ðzÞ ¼ z hz h=2i;
 k2ðzÞ ¼ hz h=2i  hz hNþ2i and k3ðzÞ ¼ hz hNþ2i ð2ÞNote that the appropriate singularity functions denoted by the bracketed functions hÆi are used to represent
the three ﬁrst order shear deformation theories respectively for modeling the substrate panel, the viscoelastic
layer and the PFRC layer while maintaining the continuity conditions. In order to implement the selective
integration rule necessary for avoiding the shear locking problem in thin structures, the state of strains at
any point in the overall panel is divided into the state of in-plane strains {b} and the state of transverse shear
strains {s} as follows:fbg ¼ x y xy½ T and fsg ¼ xz yz½ T ð3Þ
in which x, y are the normal strains along x- and y-directions, respectively; xy is the in-plane shear strain; xz
and yz are the transverse shear strains. Using the displacement ﬁelds, given by (1) and (2), the linear strain
displacement relations for circular cylindrical panels (Soldatos, 1984) and Eq. (3), the state of strains at
any point in the overall panel can be written in terms of the generalized translational {dt} and rotational dis-
placements {dr} as follows:fbg ¼ ½Ltbfd tg þ ½Z1½Lrbfdrg and fsg ¼ ½Ltsfd tg þ ½Z2fdrg ð4Þ
in which the matrices [Z1] and [Z2] and the diﬀerent operator matrices are deﬁned as½Z1 ¼ fk1ðzÞgI fk2ðzÞgI k3ðzÞI½ 
½Z2 ¼
k4ðzÞ 0 k5ðzÞ 0 k6ðzÞ 0
0 k4ðzÞ  1R k1ðzÞ 0 k5ðzÞ 
1
R
k2ðzÞ 0 k6ðzÞ  1R k3ðzÞ
24 35
k4ðzÞ ¼ 1 hz h=2i0; k5ðzÞ ¼ hz h=2i0  hz hNþ2i0; k6ðzÞ ¼ hz hNþ2i0
½Ltb ¼ L1 Lf2½ ; L1 ¼
o
ox
0
0
o
oy
o
oy
o
ox
26666664
37777775; L2 ¼ 0
1
R
0
 T
½Lrb ¼
L1 eO eOeO L1 eOeO eO L1
264
375 and ½Lts ¼ 0 0
o
ox
0  1
R
o
oy
2664
3775
ð5Þwherein, I and eO appearing in the matrices [Z1] and [Lrb] are a (3 · 3) identity matrix and a (3 · 2) null matrix,
respectively. Corresponding to the description of the state of strains given by Eq. (3), the state of in-plane
stresses and the state of transverse shear stresses at any point in the overall panel can be expressed asfrbg ¼ rx ry rxy½ T and frsg ¼ rxz ryz½ T ð6Þ
where rx, ry are the normal stresses along x- and y-directions, respectively; rxy is the in-plane shear stress; rxz
and ryz are the transverse shear stresses.
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  ¼ Ckb  kb  and rks  ¼ Cks  ks ; k ¼ 1; 2; . . . ;N ð7ÞThe constraining PFRC layer will be subjected to the applied electric ﬁeld (Ez) acting across its thickness (i.e.
along the z-direction) only. Thus the constitutive relations for the material of the PFRC layer can be expressed
as (Mallik and Ray, 2003)rkb
  ¼ Ckb  kb  febgEz and rks  ¼ Cks  ks ; k ¼ N þ 2
Dz ¼ ekb
 T
kb
 þ e33Ez; k ¼ N þ 2 ð8Þin which Dz is the electric ﬁeld in the z-direction and e33 is the transformed dielectric constant. The transformed
elastic coeﬃcient matrices ½Ckb, ½Cks  and the transformed piezoelectric coeﬃcient matrix febg appearing in Eqs.
(7) and (8), referred to the laminate coordinate (x, y, z) system are given byCkb
  ¼ Ck11 Ck12 Ck16Ck12 Ck22 Ck26
Ck16 C
k
26 C
k
66
264
375; Cks  ¼ Ck55 Ck45Ck45 Ck44
" #
and febg ¼
e31
e32
e36
8><>:
9>=>; ð9ÞThe viscoelastic material of the constraining layer considered in this study is assumed to be linearly visco-
elastic and isotropic and is considered to be modeled by the commonly used complex modulus approach which
is a frequency domain based model. When the complex modulus approach is employed, the constitutive rela-
tion for the viscoelastic material can also be represented by Eq. (7) with k = N + 1 while the shear modulus G
and Young’s modulus E of the viscoelastic material are given by Shen (1996), Kapadia and Kawiecki (1997),
Badre-Alam et al. (1999), Sung and Kam (2000), Ray et al. (2001), Chantalakhana and Stanway (2001), Ro
and Baz (2002) and Liu and Wang (2002)G ¼ G0ð1þ igÞ and E ¼ 2Gð1þ tÞ ð10Þ
in which G 0 is the storage modulus, t is the Poisson’s ratio and g is the loss factor at a particular operating
temperature and frequency. Using (10), the elastic coeﬃcients of the viscoelastic material can be computed
and the resulting elastic coeﬃcient matrix ½CNþ1 turns out to be a complex matrix.
The energy functional Tp of the panel integrated with the patches of ACLD treatment describing the total
energy comprising of the strain energy, electrical energy and the work done by the external load can be written
as (Ray and Mallik, 2005b)T p ¼ 1
2
XNþ2
k¼1
Z
X
kb
 T
rkb
 þ ks T rks  	dX Z
X
EzDz dX
" #

Z
A
fdgTff gdA ð11Þwhile the total kinetic energy Tk of the overall panel can be expressed asT k ¼ 1
2
XNþ2
k¼1
Z
X
qk _u2 þ _v2 þ _w2
 dX" # ð12Þin which, {f} is the externally applied surface traction vector acting over a surface area A, X represents the
volume of the kth layer in concern and qk is the mass density of this layer.
The overall panel has been discretized by eight noded isoparametric quadrilateral elements. Following Eq.
(2), the generalized displacement vectors for the ith (i = 1,2,3, . . . , 8) node of an element can be represented
asfd tig ¼ u0i v0i wi½ T and fdrig ¼ hxi hyi /xi /yi cxi cyi
 T ð13ÞThus the generalized displacement vectors at any point within the element can be written asfd tg ¼ ½N t det
 
and fdrg ¼ ½N r der
  ð14Þwherein, fdetg is the nodal generalized translational displacement vector, fderg the nodal generalized rotational
displacement vector, [Nt] and [Nr] the shape function matrices. The detail form of these matrices are given by
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  ¼ fd t1gT fd t2gT    fd t8gT T; der  ¼ fdr1gT fdr2gT    fdr8gT T;
½N t ¼ N t1 N t2    N t8½ ; ½N r ¼ N r1 N r2    N r8½ ; N ti ¼ niI ; N ri ¼ niI2
ð15Þin which I2 is a (6 · 6) identity matrix and ni is the shape function of natural coordinates associated with the ith
node of the element. On substitution of Eq. (14) into Eq. (4), the strain vectors at any point within the element
can be expressed in terms of the nodal generalized displacements as follows:fbg ¼ ½Btb det
 þ ½Z1½Brb der  and fsg ¼ ½Bts det þ ½Brs der  ð16Þin which the nodal strain–displacement matrices are given by½Btb ¼ ½Ltb½N t; ½Brb ¼ ½Lrb½N r; ½Bts ¼ ½Lts½N t and ½Brs ¼ ½N r ð17Þ
Substituting Eqs. (7) and (8) into Eq. (13) and then using Eq. (16), the energy functional T ep of a typical ele-
ment integrated with the ACLD treatment can be derived asT ep ¼
1
2
fdetgT Kett
 
det
 þ det T Ketr  der þ der T Ketr T det þ der T Kerr  der  2 det T f etpn oVh
 2 der
 T
f erp
n o
V  2 det
 TfF eg  e33E2V 2i ð18Þin which E ¼ 1=hp and V is the potential diﬀerence across the thickness of the PFRC layer. The elemental
stiﬀness matrices ½Ket , ½Ketr, ½Kerr; the elemental electro-elastic coupling vectors fF etpg, fF erpg and the elemental
load vector {Fe} appearing in Eq. (18) are given byKett
  ¼ Z be
0
Z ae
0
½BtbT½Dtb½Btb þ ½BtsT½Dts½Bts
 	
dxdy;
Ketr
  ¼ Z be
0
Z ae
0
½BtbT½Dtrb½Brb þ ½BtsT½Dtrs½Brs
 	
dxdy;
Kerr
  ¼ Z be
0
Z ae
0
½BrbT½Drrb½Brb þ ½BrsT½Drrs½Brs
 	
dxdy
f etp
n o
¼
Z be
0
Z ae
0
½BtbTfF tbgpdxdy; f erp
n o
¼
Z be
0
Z ae
0
½BrbTfF rbgpdxdy and
fF eg ¼
Z be
0
Z ae
0
½N tTff gdxdy:wherein, ae and be are the length and circumferential width of the element in consideration and the various
rigidity matrices originated in the above elemental matrices are given by½Dtb ¼
XNþ2
k¼1
Z hkþ1
hk
Ckb
 
dz; ½Dtrb ¼
XNþ2
k¼1
Z hkþ1
hk
Ckb
 ½Z1dz; ½Drrb ¼XNþ2
k¼1
Z hkþ1
hk
½Z1T Ckb
 ½Z1dz
½Dtrs ¼
XNþ2
k¼1
Z hkþ1
hk
Cks
 ½Z2dz; ½Drrs ¼XNþ2
k¼1
Z hkþ1
hk
½Z2T Cks
 ½Z2dz
fF tbgp ¼
Z hNþ3
hNþ2
febgEdz and fF rbgp ¼
Z hNþ3
hNþ2
½Z1TfegEdzSince the viscoelastic material is modeled by the complex modulus approach, the elemental stiﬀness matrices
derived as above are complex for an element augmented with the ACLD treatment. Note that the derivation
and the expressions of the elemental matrices appear to be much simpler than those presented in Ray and Red-
dy (2005) even though the same displacement theories are used. This is because of the fact that the same
expressions are used to represent the strain-nodal displacement relations given by Eq. (16) and the rigidity
matrices for the host panel, viscoelastic layer and the piezoelectric layer through the use of singularity
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is very thin, the expression for kinetic energy T ek of the element can be obtained asT ek ¼
1
2
_det
 T½M e _det  ð19Þin which the elemental mass matrix [Me] is given by½M e ¼
Z ae
0
Z be
0
XN
k¼1
qkðhkþ1  hkÞ þ qNþ1hv þ qNþ2hp
 !
½N tT½N tdxdy:Using the principle of virtual work (Ro and Baz, 2002), one can derive the governing equations of an ele-
ment as follows:½M e €det
 þ Kett  det þ Ketr  der  ¼ f etpn oV þ fF eg ð20Þ
Ketr
 T
det
 þ Kerr  der  ¼ f erpn oV ð21ÞIt is to be noted now that in case of an element without integrated with the ACLD treatment, the electro-elas-
tic coupling matrices ff etpg, ff erpg turn out to be the null matrices and the other elemental stiﬀness matrices in
Eqs. (20) and (21) become real.
The elemental equations of motion are assembled to form the global equations of motion in such a manner
that each patch can be activated separately as follows:½M f€Xg þ ½K ttfXg þ ½K trfX rg ¼
Xm
j¼1
F jtp
n o
V j þ fF g ð22Þ
½K trTfXg þ ½KrrfX rg ¼
Xm
j¼1
F jrp
n o
V j ð23Þwhere [M] is the global mass matrix; [Ktt], [Ktr], [Krr] are the global stiﬀness matrices; {X} and {Xr} are the
global nodal translational and rotational degrees of freedom; fF jtpg and fF jrpg are the global electro-elastic
coupling matrices corresponding to the jth patch, Vj is the voltage applied to this patch, m is the number
of patches and {F} is the global nodal force vector. After invoking the boundary conditions, the global rota-
tional degrees of freedom can be eliminated to derive the global open loop equations of motion in terms of the
global translational degrees of freedom only as follows:½M f€Xg þ ½KfXg ¼
Xm
j¼1
F jp
n o
V j þ fF g ð24Þin which [K*] = [Ktt]  [Ktr][Krr]1[Ktr]T and fF jpg ¼ fF jtpg  ½K tr½Krr1fF jrpg.
3. Active and passive damping
In order to activate the patches of the ACLD treatment, a simple velocity feedback control law has been
employed. According to this law, the control voltage for each patch is considered to be negatively proportional
to the velocity of a point on the bottom of the host panel. Thus the control voltage supplied to each patch can
be expressed in terms of the derivatives of the global nodal degrees of freedom as follows:V j ¼ Kjd _w ¼ Kjd½Njf _Xg ð25Þ
in which Kjd is the control gain for the jth patch and [N
j] is a row vector deﬁning the location of the concerned
point for sensing the velocity signal that will be fed back to this patch. Finally, substituting Eq. (25) into Eq.
(24), the equations of motion governing the closed loop dynamics of the substrate panels activated by the
patches of ACLD treatments can be derived as follows:½M f€Xg þ ½Cdf _Xg þ ½KfXg ¼ fF g ð26Þ
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[Cd] given by½Cd ¼
Xm
j¼1
Kjd F
j
p
n o
½Nj ð27ÞSince the stiﬀness matrices for an element augmented with the ACLD treatment are complex, the global stiﬀ-
ness matrix [K*] becomes complex and its imaginary part is responsible for contribution to the dissipation of
energy (Baz and Ro, 1996; Shen, 1996; Kapadia and Kawiecki, 1997; Badre-Alam et al., 1999; Sung and Kam,
2000; Ray et al., 2001; Chantalakhana and Stanway, 2001; Ro and Baz, 2002; Liu and Wang, 2002; Sun and
Tong, 2003; Ray and Reddy, 2004; Yau and Fung, 2005). Hence, in the absence of applied control voltage the
equations of motion given by Eq. (24) govern the passive (uncontrolled) constrained layer damping of the sub-
strate panels (Baz and Ro, 1996; Shen, 1996; Kapadia and Kawiecki, 1997; Badre-Alam et al., 1999; Sung and
Kam, 2000; Ray et al., 2001; Chantalakhana and Stanway, 2001; Ro and Baz, 2002; Liu and Wang, 2002; Sun
and Tong, 2003; Ray and Reddy, 2004; Yau and Fung, 2005). In order to study the performance of the panels
in frequency domain, it is considered that the panels are subjected to time-harmonic excitation force and the
motion is harmonic. Thus it can be written thatfXg ¼ fXgeixt and fF g ¼ fF geixt ð28Þ
where, fXg and fF g are the vectors of amplitudes of the nodal displacements and excitation forces and x is the
frequency of excitation. Substitution of Eq. (28) into Eq. (26) leads to the following algebraic equation:fXg ¼ ½Keq1fF g ð29Þ
in which [Keq] = x2[M]  ix[Cd] + [K*]. Using Eq. (29), computation of fXg for any excitation frequency
derives the frequency response functions of the panels coupled with the ACLD patches.4. Numerical results
In this section, the numerical results are evaluated using the ﬁnite element model derived in the previous
section. Both antisymmetric cross-ply and angle-ply thin circular cylindrical simply supported panels having
the square plan form (a · a) and integrated with two rectangular patches of ACLD treatment are considered
as the numerical examples. The patches are placed on the outer surfaces of the panels as shown in Fig. 1.
Unless otherwise mentioned, the length and width of the patches are assumed to be one fourth of the length
and outer circumferential width of the panels, respectively and the piezoelectric ﬁber orientation in the con-
straining PFRC layer is 0. The thicknesses of the PFRC layer, the viscoelastic layer and the laminated panels
are considered as 150 lm, 50.8 lm and 3 mm, respectively. Also, unless otherwise mentioned, the values of the
axial length (a) and the shallowness angle (/) of the panels are considered as 0.5 m and 30, respectively. The
materials of the piezoelectric ﬁber and the matrix of the PFRC layer are considered as PZT5H and epoxy,
respectively. Considering 40% ﬁber volume fraction, the following elastic and piezoelectric properties of the
PFRC layer with respect to its material coordinate system are obtained from the existing micromechanics
model (Mallik and Ray, 2003) and are used for evaluating the numerical resultsC11 ¼ 32:6 GPa; C12 ¼ 4:3 GPa; C22 ¼ 7:2 GPa; C44 ¼ 1:05 GPa; C55 ¼ C66 ¼ 1:29 GPa;
e31 ¼ 6:76 C=m2; q ¼ 3640 kg=m3The material properties considered for the orthotropic layers of the substrate panels are considered as follows:EL ¼ 172:9 GPa; EL=ET ¼ 25; GLT ¼ 0:5ET; GTT ¼ 0:2ET; mLT ¼ mTT ¼ 0:25; q ¼ 1600 kg=m3in which the symbols have their usual meaning. The viscoelastic material used by Chantalakhana and Stanway
(2001) is considered in this study to evaluate the numerical results. The loss factor of this viscoelastic material
considered in this study remains invariant (Chantalakhana and Stanway, 2001) within a frequency range
M.C. Ray / International Journal of Solids and Structures 44 (2007) 587–602 595(0–600 Hz) of interest and the values of the complex shear modulus, the Poisson’s ratio and the density of this
viscoelastic layer are 20(1 + i)MPa, 0.49 and 1140 kg/m3, respectively (Chantalakhana and Stanway, 2001).
The simply supported boundary conditions (Soldatos, 1984; Soldatos, 1983) at the edges of the overall panels
considered for evaluating the numerical results are given byTable
Funda
Panel
(90/0
(45/
a - ¼v0 ¼ w ¼ hy ¼ /y ¼ cy ¼ 0 at x ¼ 0; a and u0 ¼ w ¼ hx ¼ /x ¼ cx ¼ 0 at y ¼ 0; s
In order to verify the validity of the present ﬁnite element model, the natural frequencies of the antisym-
metric cross-ply and angle-ply panels integrated with the inactivated patches of negligible thickness are ﬁrst
computed and subsequently compared with the existing analytical results (Soldatos, 1984, 1983) of identical
panels without integrated with the patches. Table 1 demonstrates this comparison of the fundamental natural
frequencies of two layered antisymmetric cross-ply and angle-ply cylindrical panels. It may be observed from
this Table that the results are in excellent agreement.
The open and closed loop behavior of the panels are studied by the frequency response functions evaluated
at a point (a/2, s/4,h/2) on the top surface of the panels. A time harmonic point force (2N) is considered to act
at a point (a/4, s/4,h/2) to excite the ﬁrst few modes of the panels. The control voltage supplied to each patch is
negatively proportional to the velocity of the point located on the panel outer surface which corresponds to
the midpoint of the free length of the patch. Fig. 3 illustrates the frequency response functions of a two layered
antisymmetric cross-ply (0/90) panel and the variation of the required control voltage applied to each patch
with the frequency of excitation has been shown in Fig. 4 when the value of control gain is 1200. Displayed in
Fig. 3 are the responses of the panel when the patches are passive (uncontrolled) and active with diﬀerent con-
trol gains. It is evident from these ﬁgures that the active patches signiﬁcantly improve the damping character-
istics of the panel for both the modes over the passive damping with very low control voltage (Fig. 4). As the1
mental non-dimensional fundamental frequencies (-) of cross-ply and angle-ply panels with negligible thickness of PFRC layera
type and Parameters Source -
), a/s = 1, s/R = 0.5, R/h = 40 Present FEM 11.53
Analytical (Soldatos, 1984) 11.65
45), / = 20, a/h = 20 Present FEM 26.06
Analytical (Soldatos, 1983) 26.166
xmina2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q=ðEThÞ
p
, xmin = fundamental frequency.
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Fig. 3. Frequency response of an antisymmetric cross-ply (90/0) panel (/ = 30).
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Fig. 5. Frequency response of an antisymmetric angle-ply (45/45) panel (/ = 30).
Table 2
Amplitudes of the uncontrolled and controlled transverse displacement of the panels undergoing fundamental mode of vibration
Panel type Control gain ðKjdÞ w(a/2, b/4,0) (m) Control voltage (V)
90/0 0 1.1484 · 104 0
600 0.4520 · 104 29.14
1200 0.2821 · 104 36.38
45/45 0 1.1268 · 104 0
600 0.1237 · 104 9.18
1200 0.0689 · 104 12.25
596 M.C. Ray / International Journal of Solids and Structures 44 (2007) 587–602gain increases, attenuation of the amplitudes of vibration also increases. The frequency response functions
computed at the same point of a thin antisymmetric two layered angle-ply (45/45) panel have been shown
in Fig. 5. In this case also, the patches eﬃciently attenuate the amplitudes of vibrations enhancing the damping
characteristics of the panel. For future reference, the magnitudes of the uncontrolled and controlled transverse
M.C. Ray / International Journal of Solids and Structures 44 (2007) 587–602 597displacement of the panels subjected to active constrained layer damping and undergoing fundamental mode
of vibration are presented in Table 2.
In order to investigate the eﬀect of variation of ﬁber orientation (w) in the constraining PFRC layer of the
patches on enhancing the damping characteristics of thin (a/h = 100) panels of diﬀerent shallowness angles,
the percentage attenuation of vibration of the panels are computed with diﬀerent values of the piezoelectric
ﬁber angle (w) using a particular value of control gain ðKjd ¼ 600Þ for both the patches. Percentage attenuation
of the amplitude is determined with respect to the uncontrolled amplitude of vibration and may be an index
for assessing the control authority of the patches. Only the fundamental mode (1,1) of vibration has been tar-
geted for investigating the attenuating capability of the patches. It has been reported elsewhere (Soldatos,
1983) that the cylindrical panel seems to show anomalous dynamic behavior for large values of shallowness
angle. Hence, the variation of the values of the shallowness angle has been kept limited to 30 for investigating
the eﬀect of variation of piezoelectric ﬁber angle on the performance of the patches. Figs. 6 and 7 demonstrate-100 -80 -60 -40 -20 0 20 40 60 80 100
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Fig. 6. Eﬀect of ﬁber orientation (w) in the constraining PFRC layer and the shallowness angle (/) on the control authority of the ACLD
patches for controlling the ﬁrst mode of vibration of a four layered antisymmetric cross-ply (0/90/0/90) panel.
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Fig. 7. Eﬀect of ﬁber orientation (w) in the constraining PFRC layer and the shallowness angle (/) on the control authority of the ACLD
patches for controlling the ﬁrst mode of vibration of a four layered antisymmetric cross-ply (90/0/90/0) panel.
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Fig. 8. Eﬀect of ﬁber orientation in the constraining PFRC layer on the control authority of the ACLD patches for controlling the ﬁrst
mode of vibration of antisymmetric angle-ply panels (30/30/30/30).
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of the patches for diﬀerent values of the shallowness angle of the antisymmetric cross-ply panels (a/h = 100
and h = 0.004 m). These results reveal that as the value of shallowness angle increases, the attenuating capa-
bility of the patches also increases irrespective of the cases where the ﬁber angle in the top layer of the panel is
either 0 or 90. It may also be observed from Figs. 7 and 8 that for diﬀerent values of shallowness angle of the
panel the optimum ﬁber angle in the PFRC layer is 0 or 90 according as the ﬁber orientation in the top layer
of the substrate panel being integrated with the patches be 90 or 0, respectively. Next, the eﬀect of variation
of ﬁber orientation in the constraining PFRC layer on the damping of ﬁrst mode of vibration of antisymmetric
angle-ply (h/h/h/h/. . .) panels has been studied for diﬀerent values of ﬁber angle (h) in the orthotropic
layers of the panels having diﬀerent values of shallowness angle. Figs. 8–11 demonstrate this eﬀect for the spe-
ciﬁc cases of four layered panels (a/h = 100 and h = 0.004 m) when the values of h are considered as 30, 30,
45 and 45, respectively. As shown in these ﬁgures, the plot for the attenuating capability of the patches for
an angle-ply panel with lamination sequence (h/h/h/h/././.) is a mirror image of that for an angle-ply
panel with lamination sequence (h/h/h/h/././.). That is, although the sign of the ﬁber angle (h) in
the orthotropic layers of the antisymmetric angle-ply substrate panels changes from positive to negative,-100 -80 -60 -40 -20 0 20 40 60 80 100
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Fig. 9. Eﬀect of ﬁber orientation in the constraining PFRC layer on the control authority of the ACLD patches for controlling the ﬁrst
mode of vibration of antisymmetric angle-ply panels (30/30/30/30).
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Fig. 11. Eﬀect of ﬁber orientation (w) in the constraining PFRC layer and the shallowness angle (/) on the control authority of the ACLD
patches for controlling the ﬁrst mode of vibration of a four layered antisymmetric angle-ply (45/45/45/45) panel.
-100 -80 -60 -40 -20 0 20 40 60 80 100
70
75
80
85
90
95
Piezoelectric Fiber Angle
A
tte
nu
at
io
n 
(%
)
φ=50
φ=100
φ=200
φ=300
Fig. 10. Eﬀect of ﬁber orientation (w) in the constraining PFRC layer and the shallowness angle (/) on the control authority of the ACLD
patches for controlling the ﬁrst mode of vibration of a four layered antisymmetric angle-ply (45/45/45/45) panel.
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the panels for controlling the ﬁrst mode of vibration. However, the sign of the optimum value of the piezo-
electric ﬁber angle becomes opposite. For example, in case of the angle-ply panel (a/h = 100 and
h = 0.004 m) of lamination sequence (30/30/30/30) and 20 shallowness angle, the maximum attenua-
tion is achieved when the value of the piezoelectric ﬁber angle (w) is 40 while the same is achieved for the
angle-ply panel of lamination sequence (30/30/30/30) and 20 shallowness angle when the value of w is
40. It may also be noted from Figs. 8–11 that the value of the piezoelectric ﬁber angle in the PFRC layer for
attaining maximum damping of thin antisymmetric angle-ply panels varies with the diﬀerent values of the shal-
lowness angle and the attenuating capability of the patches also increases with the increase in the value of shal-
lowness angle. The eﬀect of number of layers in the panels of particular thickness on the performance of the
patches has been demonstrated in Figs. 12 and 13 for thin antisymmetric cross-ply and angle-ply panels,
respectively. As can be noticed from these ﬁgures, if the number of layers in the substrate panel is increased
while the thickness of the panel remains constant, the maximum value of the attenuating capability of the
patches marginally changes for both antisymmetric cross-ply and angle-ply panels.
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Fig. 12. Eﬀect of ﬁber orientation (w) in the constraining PFRC layer and number of layers in the host panel on the control authority of
the ACLD patches for controlling the ﬁrst mode of vibration of a four layered antisymmetric cross-ply (0/90/0/90/./././.) panels
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Fig. 13. Eﬀect of ﬁber orientation (w) in the constraining PFRC layer and number of layers in the host panel on the control authority of
the ACLD patches for controlling ﬁrst mode of vibration of a four layered antisymmetric angle-ply (45/45/45/45/./././.) panels
(/ = 30).
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In this paper, a ﬁnite element analysis of active constrained layer damping (ACLD) of simply supported
thin cylindrical laminated composite panels has been carried out to demonstrate the performance of the
piezoelectric ﬁber reinforced composite (PFRC) materials as the material for the constraining layer of ACLD
treatment. The ﬁnite element model is based on the ﬁrst order shear deformation theories (FSDT). Antisym-
metric cross-ply and angle-ply laminated composite panels are considered for evaluation of the numerical
results. Two patches of ACLD treatment are used which are placed on the outer surface of the panels such
that the fundamental modes are eﬃciently controlled. The results illustrate the signiﬁcant enhancement of
damping characteristics of the panels over the passive damping. The analysis revealed that the ﬁber orientation
in the constraining PFRC layer of the ACLD patches and the shallowness angle of the panels play signiﬁcant
role in attenuating the vibration of thin laminated composite panels. In case of thin antisymmetric cross-ply
panels, if the ﬁber angle in the orthotropic layer of the substrate panel being integrated with the patches be 0
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imum damping of ﬁrst mode of vibration. For antisymmetric cross-ply panels, the control authority of the
patches is independent of the sign of the piezoelectric ﬁber angle. In case of antisymmetric angle-ply panel
(h/h/h/h/. . .) with a particular value of shallowness angle, the maximum value of the attenuating
capability of the patches remains independent of the sign of the ﬁber angle (h) in the orthotropic layer of
the host panel being integrated with the patches. But the sign of the optimum ﬁber angle in the PFRC layer
reverses when the ﬁber angle in the orthotropic layers of the panel changes its sign. For both antisymmetric
cross-ply and angle-ply panels, the control authority of the patches increases with the increase in value of the
shallowness angle. The optimum value of the piezoelectric ﬁber angle for maximum attenuation also varies
with the diﬀerent values of the shallowness angle of the antisymmetric angle-ply panels. Also, the performance
of the patches is marginally aﬀected when the number of orthotropic layers being present in the host panel
increases.
The control of other higher modes requires the determination of optimal placement and number of the
patches. Also, the investigation into the eﬀect of other boundary conditions on the performance of the patches
would be an important extension of this study. Thus several important and challenging researches may be pur-
sued further following the work in this paper.References
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